The EDELWEISS-II collaboration has completed a direct search for WIMP * 
Introduction
One of the key ingredients for the current cosmological concordance model is the existence of a dark, matter-like fluid ruling the dynamics of structures from the current galactic scales to the largest scales at early cosmic times [1] .
Weakly Interacting Massive Particles (WIMPs) are a generic class of dark matter particle with particularly appealing features. They appear in several extensions of the current Standard Model of particle physics, where thermal production mechanisms for such particles in the Big Bang naturally yield the order of magnitude for the observed cosmic abundance [2] .
A vast effort is currently dedicated to the direct detection of WIMPs from the Milky Way halo through the coherent elastic scattering on nuclei constituting a terrestrial detector [3, 4] . A roughly exponential nuclear recoil spectrum is expected with typical energies of a few tens of keV. Theoretical models predict a wide range of WIMP-nucleon scattering cross-sections. Current searches are approaching sensitivities for rates of a few 10 −3 evts/kg/day, corresponding to cross-sections for spin-independent interactions at the level of a few 10 −8 pb.
This already probes some of the parameter space of minimal supersymmetric extensions of the Standard Model. A better coverage of this parameter space would demand a sensitivity down to cross-sections of 10 −10 pb, corresponding to ultra-low event rates of 10 −5 evts/kg/day. This requires a severe control of radioactive backgrounds, as well as very high detector performance reliability and background rejection over the entire fiducial volume.
The EDELWEISS program aims at improving progressively the sensitivity to WIMP interactions using cryogenic germanium detectors operated in a radiopure underground environment. The ten detectors, named Ge-ID in the following, are 400-g ultra-pure germanium crystals equipped with thermal Ge-NTD (Neutron Transmutation Doping) sensors and covered by electrodes with a design of annular concentric and plain electrodes recently developed by the collaboration [5, 6] . The combination of electrode signals enables the definition of an inner fiducial volume within each crystal. Surface interactions are rejected with an efficiency greater than 10 4 [7] . Within the fiducial volume, the charge collection is such that, once combined with the thermal measurement of the total energy, a powerful discrimination is obtained between nuclear recoils and the background of electron recoils.
The EDELWEISS collaboration has recently published the first WIMP search results obtained with these detectors [8] . At the time, a sensitivity to WIMPnucleon scattering cross-section of 10 −7 pb had been achieved following a continuous six-month run with ten detectors representing a total mass of 4 kg. That limit was based on the observation of one nuclear recoil candidate with a recoil energy above 20 keV in a total effective exposure of 144 kg·d. This suggested that a better sensitivity could be achieved by a further increase in exposure, with the potential of improving the experimental limits on WIMP-nucleon scattering cross-sections, and of understanding the origin of the observed event.
In this paper we report the final results obtained by increasing the exposure by more than a factor of two relative to [8] . We improve the measurement of the rejection for the gamma-ray background and the evaluation of other potential sources of backgrounds, in order to better assess the expected number of background events in the WIMP search.
These results will be interpreted in terms of sensitivity to the cross-section for WIMP-nucleon elastic scattering via spin-independent interactions, as well as in the framework of the inelastic scattering model of Ref. [9] . The final performance of the Ge-ID detectors will be interpreted in the context of the development of the new generation of EDELWEISS detectors designed for the next experimental phase involving a 40-kg array aiming at sensitivities of 10 −9 pb.
Experimental setup and data sets
The experimental setup is the same as in [8] and will be described in detail in Ref.
[10]. It is located in the Laboratoire Souterrain de Modane (LSM). The rock overburden equivalent to 4800 meters of water reduces the cosmic muon flux to 4 µ/m 2 /day. The flux of neutrons above 1 MeV is 10 −6 n/cm 2 /s [11] .
The cryostat housing the detectors is protected from the ambient γ-rays by a 20-cm lead shield. This shield is itself surrounded by a 50-cm polyethylene shield, covered by a muon veto system with a 98% geometric efficiency for throughgoing muons.
The detectors and their mode of operation are described in detail in Ref. [8] .
There are two different detector geometries. 
2008
. The overall exposure corresponds to more than a twofold increase with respect to [8] . In the fourteen-month running period, data from the detectors were collected for 85% of the time, the rest being equally shared between regular maintenance operations (detector regenerations and cryogenic fluid refills) and unscheduled stops. All heat sensors were operational, whereas five ionization read-out channels among 60 were defective or too noisy to be used: four guards and one veto. However the associated electrodes could be set at the correct voltage and, due to the redundancy of the fiducial volume cuts [8] , the corre- The data set consists of the digitized pulse shapes of all channels of the detectors within a tower of either three or four detectors. An event is recorded each time the heat signal on any detector in the tower crosses an online trigger level. This level is continuously and automatically adjusted to the lowest possible value that allows keeping the trigger rate below a fraction of a Hz. As in the previous work, the data were analyzed offline by two independent analysis chains. In both cases, the periods of data taking retained for analysis were selected hour-by-hour solely on the basis of the measured baseline resolution of the heat and ionization signals. The first analysis was kept identical to the one in Ref. [8] , with the same selection and cut procedures. The second analysis aimed more specifically at optimizing the ionization and heat signal resolutions during periods where electronic and microphonic noises are more significant. In both analyses, the resulting average FWHM baseline resolution is 1.2 keV for the heat signals (ranging from 0.6 to 2.0 keV depending on the detector) and 0.9 keV for the fiducial ionization signals (ranging from 0.7 to 1.1 keV). The better treatment of noisy periods in the second analysis results in a 6% increase of selected live periods. This paper present the results of this second analysis and the first analysis is used to provide systematic checks and comparisons.
The analysis procedure is not blind, since it was not entirely defined in detail before analyzing the signal region, and the first six-month data are included in the final result. However, all the calibration constants and selection cuts were defined on data samples that exclude the low-ionization yield events that will be selected as nuclear recoil candidates in the WIMP search.
Detector calibration

Fiducial volume
The fraction of the detector volume associated with the fiducial selection is measured by using the rate of events in the photopeaks at 9.0 and 10.4 keV due to the decay of the cosmogenically-induced isotopes 65 Zn and 68 Ge [8] . Such events are expected to be homogeneously distributed in the crystal. The resulting fiducial masses, obtained by multiplying the fiducial fractions with the mass of the corresponding detectors, take into account the efficiency of the cuts on the guard, veto and fiducial electrodes. The volume fraction measurements were repeated with the increased statistics relative to the original 6-month run, with a total of 10 4 events in the fiducial volume. The exposure-weighted average fiducial mass is 160 ± 5 g, corresponding to the same value used in the calculation of the total exposure in Ref. [8] .
Nuclear recoil selection
Neutron calibrations were performed in 2008 and at the beginning and the end of the fourteen month-long run. The ionization yield distribution of all fiducial events recorded during these calibrations is shown on Fig. 1 . The distributions for nuclear recoils were measured for each detector and were all found to be compatible with the parametrization of Ref. [12] . In particular, for each detector, the region with 90% acceptance (1.64 σ) for nuclear recoils (NR) from elastic neutron scattering, used in the present WIMP search, is well described by the parametrization using the measured experimental resolutions on the heat and ionization signals. Fig. 1 shows the parametrization of the average NR region. The width of the bands varies by ±15% from detector to detector at 20 keV, and by less than ±5% above 50 keV.
Data from neutron calibrations also enable to test the influence of thresholds on the nuclear recoil efficiency. These include the online trigger threshold, and the offline cuts applied to the heat and ionization energies. In particular, Fig. 1 illustrates that these reduce the acceptance for nuclear recoils at energies well below the analysis threshold of 20 keV.
Gamma-ray rejection
The rejection factor for electron recoils in the NR band was measured with extensive and regular γ-ray calibrations using The origin of the six events with anomalous charge yield is still under investigation. Simulations using the worst resolution of any detector show that no more than 0.1 γ-ray events from the whole 133 Ba calibration data should leak inside the NR band because of Gaussian fluctuations on the heat and ionization measurements. The anomalous events are not associated to a specific time period or a specific detector. In particular, none of the six events appearing in the nuclear recoil band are associated with bolometers which have a defective readout of an ionization channel. Since the gamma rejection is as good for these detectors as for the others, all ten detectors are used for the present WIMP search. Note that, based on these gamma calibrations, this includes one detector where the readouts of both a veto and a guard electrode are defective. The large fluctuations of the γ-ray rejection performances below 20 keV hinders the comparison of the results of the two analyses at these energies. As in
Ref. [8] , the analysis threshold for the WIMP search is set to this value.
WIMP search data
Data selection and exposure
The initial WIMP search data set comprises a total of 325 days for the ten detectors, plus 92 days for two detectors in the 2008 run. In order to ensure a reliable background rejection, the data taking periods are selected hour-byhour on the basis of the averages of heat and ionization baseline resolutions.
It is required that the hourly average of the fiducial ionization measurement is less than 2.0 keV FWHM, and the corresponding resolution on both heat and guard ionization signals is less than 2.5 keV FWHM. This selection results in a reduction of 17% of the total exposure. The additional loss due to acquisition dead-time is 3.2%, a significant part of it being due to an imperfection in the trigger algorithm in the first months of data taking. To ensure a correct reconstruction quality, and to reject pile-up events, noisy periods lasting less than one hour and events due to interactions inside the Ge-NTD thermistors, cuts were applied on the χ 2 of the pulse shape fits relative to known templates from calibrations, as well as on the reconstructed pulse position within the recorded ionization sample. The efficiency of these cuts is measured using the gamma background in WIMP search data, in particular the cosmogenic doublet at 9.0 and 10.4 keV which produces pulses with amplitudes similar to WIMP signals.
The overall χ 2 efficiency loss is 2.4%, while the ionization timing cut efficiency loss is 0.3%.
For the WIMP search, coincident events between two bolometers or with a trigger in the muon veto within an appropriate time window are rejected, resulting in a negligible deadtime.
The final exposure of 427 kg·d is calculated from the selected live time, corrected for the χ 2 cut efficiency and the effective fiducial mass value of 160 g.
WIMP candidates are then selected in the 1.64σ nuclear recoil band as described in Section 3.2. This 90% efficiency results in an effective exposure of 384 kg·d.
The efficiency as a function of measured recoil energy for WIMP interactions depends on i) the level of the online heat trigger, ii) the offline reconstruction cuts requiring that the heat (ionization) signals be three (two) times above the measured value of the instantaneous baseline FWHM resolution on the corresponding quantity, and iii) the cut to reject electron recoils, requiring that the normalized ionization yield be more than 3.72σ below unity (corresponding to the rejection of 99.99% of all γ-ray interactions assuming a Gaussian dispersion of the ionization yield). This third factor has the strongest influence on the efficiency function. Overall, the relative acceptance for nuclear recoils is 98.3%
at 20 keV and above 99.9% at 23 keV and higher energy. was found on the detector holder [13] . This suggests that some of these anomalous events far from the ionization thresholds could be due to a reduced rejection rate for degraded low-energy alphas relative to low-energy electrons. This population is still under investigation. at a more copious rate (by a factor ∼100 [14, 15] ) and were associated with incomplete charge collection near the detector surface. This type of event is largely suppressed in interleaved-electrode detectors [7] , resulting in the large gain in sensitivity relative to Ref. [14] . However, the observed number of events exceeds the prediction of < 1.5 at 90%CL derived from beta and gamma calibrations.
Observed distributions
3. Five events appear in the nuclear recoil region. Four are between 20.8 and 23.2 keV, and one at 172 keV. One of them had already been reported in Ref. [8] . All five will be retained as nuclear recoil candidates in the WIMP search.
Both analysis chains yield consistent results for these three populations. In particular, the nuclear recoil candidate at 172 keV is also observed, as well as four others at energies between 20.2 and 22.5 keV, although the identity of the candidates differs as one event migrates above the 20 keV threshold while another migrates below it due to sub-keV fluctuations in energy reconstruction.
Background estimates
We now investigate the potential sources of background in the WIMP search region, using both calibration data, simulations and the measured backgrounds outside the nuclear recoil band. Three potential sources are considered: γ-rays, surface events and neutron scattering. The predicted number of unrejected surface events is estimated by multiplying the number of observed low-ionization yield events before the rejection of surface events (∼ 5000) by the upper limit on the rejection rate measured in Ref. [7] (6×10 −5 at 90%CL). This results in 0.3 events. A deficient suppression of events due to surface β contaminants is thus an unlikely explanation for the events observed in the nuclear recoil band. As another source of surface events, alpha radioactivity is estimated to generate a negligible leakage, from calibration measurements with alpha sources.
The muon veto efficiency was measured using two different methods, one from internal coincidences within the veto, and the other using bolometer-veto The background studies are being pursued as they provide useful informations to prepare the reduction of backgrounds necessary for the next phase of the experiment. These considerations do not affect the search results discussed below, based on the conservative assumptions that it cannot be excluded that part or all of the observed events in the NR band are due to WIMP-induced recoils. Given the low statistics of this sample of events and the uncertainties in the background prediction, the present WIMP search is performed by considering all five single events as valid nuclear recoil candidates.
Limit on spin-independent cross-sections for elastic and inelastic models
For both elastic and inelastic processes, upper limits on WIMP-nucleon cross-sections are calculated using the optimal interval method [16] and the prescriptions of Ref. [17] . The halo model parameters are a local density of WIMP of 0.3 GeV/c 2 , a Maxwellian velocity distribution with a rms velocity of 270 km/s, an average Earth velocity of 235 km/s, and a galactic escape velocity 544 km/s [18] . This later value has been chosen as the value of 650 km/s used previously overestimates the sensitivity of inelastic searches, while having a <0.5% effect in the elastic case. The calculation includes the effect of the finite recoil energy resolution of our detectors, which is on average 1.5 keV.
Elastic cross-section
The 90%CL upper limits on the WIMP-nucleon spin-independent crosssection derived from the present data are shown as a function of the WIMP mass in Fig. 4 . A cross-section of 4.4 × 10 −8 pb is excluded at 90%CL for a WIMP mass of 85 GeV.
This limit is more than twice as stringent than that obtained after the first six months [8] . At higher WIMP masses, the improvement approaches the value of 2.7 that corresponds to the increase of exposure, and the sensitivity becomes comparable to that of CDMS [19] . It is better than that reported by XENON100 [20] above 110 GeV/c 2 . For lower WIMP masses, the Ge-ID sensitivity is degraded due to the presence of four events between 20.8 and 23.2 keV.
The limits are not affected by the presence of the nuclear recoil candidate at 172 keV.
Inelastic cross-section
The inelastic dark matter scenario has been proposed to reconcile the dark matter modulation signal claimed by DAMA/LIBRA [21] and the null results in all other direct detection experiments [9] . In this scenario, the WIMP-nucleus scattering would occur through a transition of the WIMP to an excited state δ ∼100 keV heavier than the previous one. The elastic scattering would be highly suppressed.
Compared to the elastic case, the WIMP can scatter off a nucleus only if its kinetic energy is sufficient to induce the inelastic excitation. The minimum WIMP velocity that can induce an observable recoil energy E R is:
where M N is the mass of the target nucleus and µ is the reduced mass of the WIMP-target nucleus system. Therefore only the high end of the WIMP halo velocity distribution contributes to the signal: the event rate is globally reduced and suppressed at low recoil energies, and the modulation signal is enhanced.
The event rate is computed using the analytical solution of Ref. [22] and the same halo parameters as in the elastic case.
Mass splitting values ranging from δ = 90 to δ = 140 keV are particularly interesting since CDMS [23] and XENON [24] do not exclude all the DAMAallowed region in that case. Fig. 5 shows the limit obtained for a mass splitting δ = 120 keV. Our limit excludes the DAMA region above ∼90 GeV/c 2 , improving by ∼10 GeV/c 2 the CDMS limit of Ref. [23] . For WIMP masses larger than ∼200 GeV/c 2 , EDELWEISS excludes cross-section values that are half of those excluded by CDMS. This is due, to a large part, to the absence of WIMP candidates in the energy range between 23.2 keV and 172 keV, whereas CDMS observes three events in that same range.
Conclusion
The EDELWEISS-II collaboration has performed a direct search for WIMP dark matter using ten 400-g heat-and-ionization cryogenic detectors equipped : Limits on the cross-section for spin-independent scattering of WIMPs on the nucleon as a function of WIMP mass, derived from the present work, together with the limits from CDMS [19] , ZEPLIN [26] and XENON100 [20] . The shaded area correspond to the 68% and 95% probability regions of the cMSSM scan from Ref. [25] . Figure 5 : Inelastic WIMP-nucleon cross-section limits at 90%CL as a function of WIMP mass, for a mass splitting value δ = 120 keV. Also shown are the limits from XENON10 [24] (with a conservative L eff ), ZEPLIN-III [27] and CDMS [23] (from a dedicated analysis). The 95% allowed DAMA contour, as estimated in [23] from [21] , is shown in light gray.
